Introduction
The work to be described here was undertaken by the author in order to provide accurate data on thermal conduction in gaseous mixtures of deuterium and hydrogen at ordinary temperatures, to be applied to the analysis of such mixtures by the thermal conductivity method developed by A. Farkas and L. Farkas (1934) and others; and also to make an accurate direct determination of the thermal conductivity of pure deuterium.
With regard to the latter quantity, the values obtained by other workers to date vary widely, showing a maximum difference of the order of 11 %.
Van Cleave and Maass (1935) , using a relative hot-wire method and assuming the value of the thermal conductivity of pure hydrogen at 0° C. Again, an extensive series of determinations of the thermal conductivities of various gases, including deuterium, has been made by Nothdurft (1937) , also using a hot-wire method, and in this case the value obtained was A preliminary announcement of the value obtained by the author (Archer 1936) has already been made, and it is pointed out that the two former values quoted above were published during the course of the work to be described here, whilst the last quoted was announced after the thermal conductivity determinations had been completed. Unfortunately, however, circumstances beyond the control of the author seriously hindered the work on the determinations of the concentrations of deuterium oxide and [ 474 ] water, used in the preparations of the gases, and in consequence a delay in the final publication of the results has occurred.
D escription of apparatus
The apparatus used is shown diagrammatically (fig. 1) and will be described briefly.
Fig. 1
A is a small bulb of pyrex glass communicating with the pyrex glass liquid-air traps, B and C. G is connected, by using joints of intermediate glasses, to a quartz tube placed inside an electrically heated cylindrical furnace, D, and containing pure magnesium turnings. This tube, again by using joints of intermediate glasses, is connected to a third pyrex glass liquid-air trap, E, and thence through the tap, P, to a discharge tube, F, a compression apparatus, G, a mercury manometer, M, the thermal conductivity tubes, T, and finally through the tap, Q, to the pumps used.
The compression apparatus consists of three pyrex glass cylindrical bulbs, G, connected as shown, together with a mercury reservoir, R, and an air trap, H, the latter to prevent air from being carried into the apparatus by the mercury when the reservoir, R, is operated. The function of the apparatus was to overcome the difficulty of being able to prepare only a small volume, about 150c.c., of the various gases at a reduced pressure. The gas having been prepared at a fairly low pressure, about 100 mm. of mercury, with the reservoir, R, in its lowest position, could be compressed by gradually raising the reservoir to fill the bulbs, O, with mercury and the pressure thereby increased to about 700 mm. of mercury.
The magnesium turnings, after having been thoroughly washed in ether to remove all traces of grease, were contained in a thin walled quartz tube, open at both ends and lined with asbestos, placed inside the slightly larger quartz furnace tube. This arrangement was found to be necessary because when a single furnace tube was used a thin layer of magnesium was deposited on the inner walls of the furnace tube after heating and caused the tube to be fractured.
The furnace could be raised to a temperature of about 650° C., the temperature being indicated by means of a copper-constantan thermo couple placed between the quartz tube and the furnace wall. It was found possible to maintain the temperature of the furnace constant to within 5° C. of the desired temperature, usually 500° C., for several hours by controlling the electric current with suitable rheostats.
The thermal conductivity tubes, T, were of the type employed by the author in previous work of a similar nature, the tubes being made of ordinary glass and connected to the rest of the apparatus by a carefully ground joint. The main tube and compensating tube were cut from the same piece of selected and calibrated tubing, the internal radius (r2) being 0*6646 cm. and the external radius (r3) 0*7692 cm. The thin wires sealed in the tubes were of pure platinum, the radius (rx) being 0*003977 cm. The gas pump system consisted of a motor driven Hyvac oil pump as backing pump and a gas heated mercury vapour pump.
P reparation of gases
In the greater part of the work, the apparatus described above was used to prepare the various mixtures of deuterium and hydrogen, as well as pure hydrogen and also deuterium as pure as it was possible to obtain. The first preparation was that of hydrogen as a check on the method, specially prepared distilled water being used for the purpose, and the method of preparation will now be described.
First, the whole apparatus was evacuated, the pumps being kept in operation for several hours while the electric furnace was heated to about 600° C., the discharge tube, F, being used to indicate the vacuum condition. This prolonged treatment and the heating of the magnesium to a tem perature higher than that maintained in the actual preparation of the gases were found to be necessary in order to degas completely the apparatus and the magnesium. Moreover, it was found necessary to repeat the prolonged degassing process after each preparation; traces of hydrogen were observed to be present during the first few hours of the heating, and the process was continued until the discharge tube indicated the complete absence of all gases. Without this precaution it could not be ensured that the gas obtained was of the same concentration as in the liquid used for the preparation.
After allowing the furnace to cool to atmospheric temperature, the tap, P, was closed, the seal at L broken, and about 0 5 c.c. of the liquid was introduced into the bulb, A, and the seal at L was remade. The bulb, A, was surrounded with liquid air in order to freeze the liquid, the tap, P, opened and the apparatus again evacuated. The trap, B, was next surrounded with liquid air, the frozen specimen in A allowed to melt and evaporate slowly, being again frozen in B. On the completion of this distillation the bulb, A, was removed at the constriction, S. The specimen was then distilled to the trap, C, by a similar method, and the trap, B, removed at the constriction, X. In this manner any gases dissolved in the liquid were removed and any traces of solid impurity left behind in either A or B.
Keeping the specimen frozen in C, the furnace was next heated until a steady temperature of about 500° C. was attained, and at this stage the specimen in C was allowed to melt and evaporate very slowly, the pump system now being cut off by closing the tap, Q. Thus the vapour passed over the heated magnesium and was decomposed, the required gas passing over into the whole apparatus. Any slight traces of liquid not decomposed were collected by freezing in the trap, E, which was immersed in liquid air throughout the preparation. By careful control of the evaporation, however, from C it was found possible to decompose the whole of the specimen, some eight hours usually being occupied in the process. During this time the mercury reservoir, R, was kept in its lowest position so that the bulbs, G, and the tubes, T, were filled with the gas at a final pressure of about 100 mm. of mercury, the pressure being indicated by the manometer,
. At this stage the tap, P, was closed.
Exactly the same method was employed in preparing the various mixtures of deuterium and hydrogen from mixtures of deuterium oxide and distilled water, using deuterium oxide of 99-95 % guaranteed concentration, supplied by Messrs Imperial Chemical Industries, Ltd. The liquid mixtures were made of an approximate concentration only of deuterium oxide in water, the exact concentrations being determined at a later stage.
Lastly, deuterium was prepared by the same method from a sample of the 99-95 % deuterium oxide.
In every case the preparation was repeated, using fresh samples of the various liquids, and the thermal conductivity observations on each gas specimen were repeated until in the case of each gas specimen consistency was attained. For this purpose the current measurements (see below) were used, an agreement to within 0-0005 amp. in the values being considered sufficiently consistent, the values ranging from 0-46 to 0-27 amp. in the whole series of observations.
As a final check on the thermal conductivity observations for deuterium, a sufficient supply of the gas was prepared by the decomposition of a specimen of the 99-95 % deuterium oxide by metallic sodium, using a similar form of apparatus and the method described by Mann and Newell (1937) .
Thermal conductivity observations
The form of thermal conductivity apparatus used in the present instance is the vertical compensated hot-wire system evolved as the result of an extensive series of experiments on thermal conduction in gases, using the hot-wire method, in which the author has taken part, the main object of the system being to eliminate as far as possible the effect of losses of heat by convection.
In the first series of experiments (Gregory and Archer 1926a), two com pensated hot-wire systems were used, the tubes being of different radii and placed horizontally. In this case there were convective losses in both systems, being much greater in the wider tubes than in the narrower. It was found possible, however, to eliminate the effects of convection by observing the pressures in both systems at which such losses vanished, the temperature conditions in the two systems being identical.
It had been shown previously (Weber 1917 ) that in a similar hot-wire system with the tubes placed vertically the heat losses by convection were very much smaller than in the same system placed horizontally. Hence it was decided to work with vertical tubes, modified in such a way as to reduce the convective losses still further. Such a modified hot-wire system was first used (Gregory and Archer 19266) to show that the thermal con ductivity of air is independent of pressure, the results indicating that convection was almost entirely eliminated over the range of pressures and temperatures used in that instance. The double system of the modified vertical type, however, was adopted for further experiments, being used to determine the thermal conductivity of carbon dioxide (Gregory and Marshall 1927), of oxygen and nitrogen (Gregory and Marshall 1928), and of carbon monoxide and nitrous oxide (Gregory and Archer 1928). Then, a single vertical system was first used for direct determination in an investigation of the thermal conductivities of the saturated hydrocarbons in the gaseous state (Mann and Dickins 1931) .
Up to this time no account had been taken of the effect of accommodation, and the consequent discontinuity of temperature between a gas and a solid surface, on thermal conduction in gases in the work detailed. It was realized, however, that the effect though small should be taken into account, and consequently with this object in view a re-examination of the results of the work first mentioned above was made (Gregory and Archer 1933). It was then established that by using a relation of the type adopted in the present work (see below), the two effects of convection and temperature drop could be successfully eliminated from the thermal conduction, a single vertical hot-wire system being sufficient for the purpose. This was further confirmed in the case of a series of gases (Dickins 1934) of which the thermal conductivities and the accommodation coefficients relative to a platinum surface were determined. The method, with some modification in the theoretical treatment, has since been applied in the case of hydrogen over a range of temperature up to 300° C. (Gregory 1935) , and also in the case of carbon dioxide over a similar range of temperature (Archer 1935).
The construction and method of use of the thermal conductivity apparatus need little further description here, the calibration, etc., of the hot-wire tube system following exactly the same lines as described in the papers on the work mentioned above.
The tube system was maintained at a constant temperature, 0° C., throughout the whole series of observations, by means of the usual form of ice-bath fitted with a motor-driven stirrer, the platinum wires being connected to a Callendar-Griffiths bridge, used in conjunction with a Tinsley thermoelectric potentiometer.
The gas specimen having been prepared, the reservoir, ( fig. 1) , was raised to obtain the maximum possible pressure in the tube system, usually about 700 mm. of mercury. The Callendar-Griffiths bridge having been set to balance for a resistance corresponding to a predetermined temperature of the platinum wires in the tube system, the strength of current passing through the wires was adjusted by means of sensitive rheostats until the bridge was balanced. The strength of the current was then measured by means of the potentiometer, and at the same time the pressure of the gas in the apparatus was observed by using the mercury manometer, Next, the pressure of the gas was reduced by lowering the mercury reservoir, R, the strength of the current adjusted to restore balance of the bridge and the observations repeated.
This procedure was carried out at a series of pressures of the gas, the mercury reservoir, R, being lowered in suitable stages until possible pressure, usually about 100 mm. of mercury, was attained, the strength of current being measured and the pressure observed at each stage.
Three other similar sets of observations were made, with the Callendar-Griffiths bridge setting adjusted to correspond to three other temperatures of the platinum wires in the tube system, using the same specimen of gas over the same range of pressures in each set of observations.
This procedure was repeated in the case of each gas specimen prepared, four sets of observations being made for each gas with the heated platinum wires in the tube system at four different temperatures ranging from 21-644 to 10-370° C.
Calculations
In the present work, the relation 1 loge*gfoi m Q 2nKJW was used to determine the thermal conductivity, K, of the gas.
In this relation, Q represents the loss of heat per second by conduction, in the absence of convection, from an electrically heated platinum wire of radius rlf of effective length l, mounted coaxially with a glass tube of radius r2, and compensated for " end" effects, etc., 6 being the difference of tem perature between the platinum wire and the inner wall of the glass tube. P is the pressure of the gas in the tube system, and A is a constant involving the accommodation coefficient of the gas.
The values of Q were calculated from the observations of the effective resistance of the platinum wire and the strength of the current required to maintain the temperature of the wire constant during the observations.
The values of 6 were also obtained from the observations of the effective resistance of the platinum wire, the necessary corrections to the platinum scale temperatures being applied to obtain the corresponding Centigrade temperatures; allowance also was made for the flow of heat through the walls of the glass tubes in each case, corrections being calculated from the internal (r2) and external (r3) radii of the tubes and the thermal conductivity of the material.
By plotting the values of l / Q against those of 1/P, a straight line is obtained. The intercept of this line on the axis represents the quantity log e jjtl 2ttKJW ' from which the value of the thermal conductivity, K, of the gas can be calculated. The observations obtained for each of the four settings of the Callendar-Griffiths bridge were treated thus, the value of K found in each case being that at the average temperature between that of the heated wire and that of the internal wall of the glass tubes. The value of the thermal conductivity at 0° C., K q, was then obtained by extrapolation from the four results.
At the same time, the slope of each straight line gives the value of the quantity, A/6, corresponding to the particular experimental conditions, and by using the appropriate expression for A the accommodation coefficient of the gas at the temperature of the heated platinum wire can be obtained. It has been shown recently by Gregory (1936) th at in the general equation (1) above, A may be expressed in the form
in which l is the effective length of the heated platinum wire, M the molecular weight of the gas, R the gas constant, oc the accommodation coefficient and /? the specific heat per molecule of the gas, T x and rx the absolute tem perature and radius of the platinum wire, T 2 and r2 the absolute temperature and radius of the inner wall of the glass tubes. This expression was used to determine the accommodation coefficient in the cases of deuterium and hydrogen. Experimental values of the specific heat per molecule for hydrogen were available, but in the case of deuterium no such data are available, and the classical value, 2*5, was used in the calculations.
In the present instance, calculations of the heat lost by radiation from the heated platinum wire in the prevailing experimental conditions showed that such losses were negligible in comparison with the total heat losses, and in view of the estimated accuracy of the observations the corrections were not applied.
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Observations and results
Space will not permit the reproduction of all the necessary observations taken in the course of the work, nor is it considered desirable to quote in detail all the experimental data. As an illustration, however, a typical set of lines are reproduced graphically in fig. 2 . These particular lines were obtained from the experimental observations made in the case of deuterium.
These lines are typical of the results generally and show clearly the adherence of the observations to the straight line law according to relation (1) above. The final value of the thermal conductivity of each of the various samples of gas, calculated from the whole series of experimental observations, is contained in the In this table the figures in the first two columns show the percentage concentrations of hydrogen and deuterium present in the different gas specimens used. These concentrations were obtained from a series of deter minations of the densities of the liquid mixtures used in the preparation of the gases. For this purpose a flotation method, devised by Dr R. H. Purcell of the Chemistry Department of the Royal College of Science, was used, a composite float of silica and glass of about 0-25 c.c. capacity being filled with the liquid and the flotation temperature in a bath of pure degassed distilled water observed.
In the third column are shown the values of the thermal conductivity of each gas specimen, in each case at the temperature of 0° C. and expressed in the usual units, cal. cm.-1 sec.-1 deg.-1 C. In the case of deuterium, the value marked ( a) is that obtained from the gas prepared by the magnesiu method, while th at marked (6) is that obtained from the gas prepared by the sodium method.
The fourth column contains the values of the coefficient of increase of thermal conductivity with temperature, between 0° C. and an average mean temperature of the gas of 10-9° C., in the case of hydrogen and deuterium.
The values of the thermal conductivity are also represented graphically in fig. 3 , the values of K 0 from the above table being plotted against the percentage concentrations of the gases in each case.
The accuracy of the thermal conductivity results is estimated to be of the order of 0*25 %.
Finally, the value of the accommodation coefficient also was calculated in the case of pure hydrogen and of deuterium, the results obtained being:
Hydrogen ... 0-296, Deuterium ... 0-376. These values are relative to a platinum wire surface at a temperature of 0° C., and are in good agreement with similar results obtained previously by other observers.
In conclusion, the author wishes to express his sincere thanks to Professor Thomson for his encouragement and the facilities to carry out the work, to Professor Rankine for his enthusiastic interest and helpful advice, and to Dr R. H. Purcell for the valuable help afforded in the preparation of the gases and in the determination of the concentrations.
Summary
The paper describes an experimental investigation of thermal conduction in hydrogen, deuterium, and hydrogen-deuterium mixtures of varying concentration. The hot-wire method, used by the author and others 20 % Hydrogen 80 % Deuterium Fig. 3 previously in similar work, was adopted to determine the thermal con ductivity at 0° C. of hydrogen, deuterium, and of each mixture, and also the accommodation coefficients of hydrogen and deuterium relative to a platinum surface at 0° C.
The hydrogen was prepared from distilled water, the deuterium from deuterium oxide of 99-95% guaranteed concentration, and the gaseous mixtures from mixtures of the water and deuterium oxide, by passing the vapour over magnesium heated to about 500° C. in an electric furnace. Deuterium wras also prepared from the oxide by reaction with metallic sodium in vacuo. The percentage concentrations of the gaseous mixtures were obtained from observations of the densities of the liquid mixtures, using a flotation method.
The values obtained of the thermal conductivity at 0° C. of hydrogen and deuterium were 0-0004182 and 0-00 0 3 080 cal. cm.-1 sec.-1 deg.-1 C., and of the accommodation coefficient 0-296 and 0-376 respectively. The values of the thermal conductivities of all the gases together with the percentage concentrations are shown in a table, and also represented by means of a graph.
